We study the masses of the low-lying charmed mesons within the framework of heavy-hadron chiral perturbation theory. We work to third order in the chiral expansion, where meson loops contribute. In contrast to previous approaches, we use physical meson masses in evaluating these loops. This ensures that their imaginary parts are consistent with the observed widths of the D-mesons. The lowest odd-and even-parity, strange and nonstrange mesons provide enough constraints to determine only certain linear combinations of the low-energy constants in the effective Lagrangian. We comment on how lattice QCD could provide further information to disentangle these constants.
Introduction
The masses and widths of the charmed mesons in the odd and even parity sectors have been experimentally determined, for summaries, see Refs. [1, 2] . These patterns and interactions of the charmed mesons are governed by the spin symmetry of the heavy quark and the chiral symmetry SU (3) L × SU (3) R of the light quarks. Incorporating both approximate symmetries in a single framework was achieved by defining the heavy hadron chiral perturbation theory (HHχPT) [3] . This effective theory can be used to study dynamics of mesons containing a single heavy quark.
Using this theory, the contributions to the physical masses of odd and even parity D-mesons up to the one-loop chiral corrections were calculated by Mehen and Springer [3] and Ananthanarayan et al. [4] . The effective chiral Lagrangian contains more unknown low energy constants (LECs) than the number of experimentally known meson masses. Thus getting unique numerical values of the coefficients is impossible. Mehen and Springer [3] and Ananthanarayan et al. [4] fitted expressions that depend nonlinearly on these constants and found multiple solutions, often with quite different numerical values for them. As a result, no clear pattern emerged from these fits.
In this paper, we attempt to remove this ambiguity by following a different approach to fit these parameters. We use the physical values of the masses in evaluating the chiral loops. As a consequence, the energy of any unstable particle is placed correctly relative to the decay threshold and the imaginary part of the loop integral can be related to the experimental decay width. The second effect is to reduce the number of unknown parameres in comparison with the current experimental data on meson masses. Masses at tree level depend only on certain linear combinations of LECs. By using physical masses in chiral loops, the masses still depend linearly on these combinations. Therefore, one can express these parameters directly in terms of the physical masses and loop integrals.
The numerical values generated in this manner include contribution from orders beyond O(Q 3 ). These include divergences that we cannot cancel using counterterms in our Lagrangian. We therefore choose to use their β-functions to estimate the large size emerging from higher-order terms.
Finally, we have used corrected expressions for the chiral loop functions, as given in Bernard [6] and Scherer [7] , in contrast to the expressions presented in [3, 5] which are missing some finite pieces.
1
We begin by writing the most general expression of the heavy-hadron chiral Lagrangian up to the order O(Q 3 ) [3] :
where H a and S a are the heavy meson field multiplets of the ground-state doublets and lowest lying excited-state doublets respectively. The members of the ground-state doublets are pseudoscalar mesons impossible. The best we can do is to reduce their number by grouping them into linear combinations that can be determined uniquely. This procedure is based on the syemmtry patterns. For example, the linear combinations that respect flavor symmetry are [8]
A )m, where δ A , ∆ A respect chiral symmetry, but the other terms contain the average of the quark masses m which breaks it. The terms left after constructing η A and ξ A are
The combinations L A f and L A f s break flavor symmetry, and the latter breaks spin symmetry. In terms of linear combinations, the masses can be written as [8]
where the factor c a is c n = − for strange mesons. Now the number of parameters, ξ H;S , η H;S , L H;S f , L H;S f s , is eight which is equal to the number of observed low-lying D-meson states.
Results and Discussion
In our fitting, the one-loop self energy Σ A J a is evaluated with physical values of the charmed meson masses. This gives the energy of the decaying particle relative to the threshold in the right place. This ensures that the imaginary parts of the loop functions are correctly related to the experimental decay widths. The resulting masses depend linearly on certain combinations of parameters. However, the resulting values for these parameters contain contributions beyond O(Q 3 ). We have therefore used their β-functions to estimate a theoretical error coming from higher-order terms.
The calculations are performed at the physical values of pion decay constant f π = 92.4MeV, and of the coupling constants g and h that are extracted from the strong decay widths g = 0.64 ± 0.075 and h = 0.56 ± 0.04, for details see [2] . Masses of D-mesons are taken from the PDG [1] . The renormalization scale µ is chosen to be the average of the pion and kaon masses µ = 317MeV. The resulting numerical values of the parameters inhabit the odd parity sector with associated uncertainties are [8] η H = 171.614 ± 44 ± 5 MeV,
where the first uncertainty is the experimental error associated with physical masses of charmed mesons, and the second uncertainty is the theoretical error that we have estimated from the β-functions.
The situation for the even-parity parameters is different because the coupling constant g is not determined. Since the value of the odd parity coupling constant is 0.64, it is plausible to consider values for g in the range 0 to 1. The correlations between g and η S , ξ S , L S f , L S f s are shown in Figures 3-6 [8] . The plots also show the associated experimental and theoretical errors.
Experimental information is not sufficient to separate the combinations of parameters into pieces that respect and break chiral symmetry, which limits their usefulness for applications to other observables. Lattice QCD calculations would be required to perform further separations of terms. For example, to disentangle chirally symmetric coefficients δ H , ∆ H from chirally breaking terms, lattice calculations with different quark masses are needed for charmed mesons ground-state and excited-state. [6] V. Bernard, N. Kaiser, and U.-G. Meissner, Int. J. Mod. Phys. E 4, 193 (1995) .
[7] S. Scherer, arXiv:hep-ph/0210398.
[8] M. Alhakami and M.C.Birse, in preparation.
